The purpose of this study was to evaluate the surface strain of zirconia fixed partial denture frameworks and their abutment roots when restored with two types of post and core materials. Artificial mandibular first premolars and second molars were used as the abutment teeth. Posts and cores were of two types: resin composite with glass fiber posts (RC) and cast platinum gold alloy (MC). The cores and 4-unit zirconia frameworks were bonded to the specimens. Static loading was applied to the occlusal surfaces, and the surface strain of the frameworks and roots (distal premolar and mesial molar) was measured by strain gauge method. Premolar root showed a significantly higher magnitude of principal strain than molar root. RC showed a significantly higher magnitude of principal strain than MC. The results suggest that MC restrain the surface strain compared to RC when the missing teeth are replaced by a 4-unit zirconia framework.
INTRODUCTION
Post and core restorations are commonly used for endodontically treated teeth. Cast posts and cores have been used for a long time because of their good mechanical properties and fit to the abutment tooth 1, 2) . Recently, resin composites with glass fiber posts have also been used for core build-up because of their marked improvement in mechanical properties. When using glass fiber posts, severe root fractures will not occur since glass fiber posts and dentin have a relatively similar Young's modulus [3] [4] [5] . Fixed partial dentures (FPDs) have been used to replace missing teeth. In recent years, zirconia frameworks have been used for FPDs because of the growing interest in aesthetics 6) , metal allergies 7) and biocompatibility 8, 9) . Yttria-stabilized tetragonal zirconia polycrystals (Y-TZP) have established themselves as reliable FPD framework materials owing to their superior mechanical properties and because of developments in CAD/CAM technology. Zirconia has a moderate Young's modulus, which prevents flexure and radial fracture of veneer porcelain 10) . In addition to laboratory studies, several clinical studies have also evaluated the performance of FPDs with zirconia frameworks [11] [12] [13] [14] [15] . These studies showed that zirconia performs desirably as a non-metal framework material. No significant differences were reported between the survival rates of FPDs with zirconia and those with metal frameworks 15) . However, some clinical complications did arise in these studies [11] [12] [13] [14] [15] , with the main reason for irreversible failure being secondary caries. Secondary caries may occur due to a variety of reasons, such as loss of retention after failure of luting agents, marginal discrepancy/degradation of the framework materials and inadequate plaque control.
In the past, studies [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] have investigated the material properties of post and core restoration or framework materials. The Young's modulus of post materials is predisposed to be reduced to avoid vertical root fracture. In contrast, the Young's modulus of zirconia frameworks is larger than those of traditional materials such as metal frameworks. However, these traits of abutment teeth and FPD framework should be verified simultaneously.
An excessive surface strain on the margin of the restorations and abutment during occlusal function can cause the luting agents to fail, leading to microleakages. The change in stress distribution caused by failure of the luting agent leads to cohesion failure of the dentin 16) . Therefore, an assessment of stress distribution around the marginal area of the restoration is important. However, the mutual effects of the type of core materials and the FPD frameworks on the surface strain are less understood. The purpose of this study was to investigate the influence that different post and core materials have on the distortion around the margins of a 4-unit zirconia FPD framework. The hypothesis to be tested was that 4-unit zirconia FPD with cast post and core restrain the surface strain compared to with resin composite with glass fiber posts. To evaluate the stress distribution, simulated experimental models using a strain gauge have been employed in various studies [17] [18] [19] [20] [21] [22] . Compared to other methods such as finite element analysis (FEA) and photoelastic methods, using a strain gauge can detect the magnitude of surface strains more accurately. Bearing this in mind, the surface strains of the abutment roots and FPD frameworks were measured directly using a strain gauge on a simulated experimental model in this study. 
MATERIALS AND METHODS

Root duplication (abutment teeth)
Reproduction models of human mandibular first premolars (B12-50-#44, Nissin Dental Products Inc., Kyoto, Japan) and second molars (B12-51-#47, Nissin Dental Products Inc.) with prepared post spaces were used in this study. The depth of the post space of the premolar was 8.0 mm. In the molar, the depth of the post space from the pulp chamber floor to the coronal area was 3.5 mm, and the depths to the apical area were different for each root canal. The model had three root canals: mesiobuccal, mesiolingual and distal. Their depths were 2.0 mm, 3.0 mm and 4.0 mm, respectively. The remaining vertical marginal tooth substance available for ferrule preparation in both models was 1.0 mm, and the margin design was of the rounded-shoulder type (Fig. 1) . Impressions of the reproduction models were taken with vinyl polysiloxane impression material (MEMOSIL ® 2, Heraeus Kulzer, Hanau, Germany). An automix resin composite (Clearfil ® DC Core Automix, Kuraray Medical Inc., Tokyo, Japan) was then injected into each impression and light-cured from the buccal, mesial, lingual and distal sides for 20 s each. The roots that were duplicated in this manner with resin composite were finally used as the experimental abutment teeth.
The experimental teeth were temporarily fixed and inclined at specific angles relative to the vertical plane. They were eventually embedded in an acrylic resin base later (Fig. 2) . The mesiodistal angulation and the buccolingual inclination 23) of the premolar were 6° and 9°, respectively, and those of the molar were 14° and −20°, respectively (positive values indicate that the tooth is inclined toward the mesial or buccal sides from the tooth axis, and negative values indicate that the tooth is inclined toward the distal or lingual sides from the tooth axis).
Post and core
Two types of post and core systems were used: resin composite core with glass fiber posts (Group RC) and cast post and core (Group MC). Each group consisted of 10 specimens. Impressions of the post cavities were taken with hydrophilic vinyl polysiloxane impression materials (Exafine regular type and putty type, GC Co., Tokyo, Japan), after which stone dies were fabricated with an improved dental stone (New Fujirock, GC Co.). Post and core patterns were fabricated with two kinds of dental inlay casting wax (Inlay Wax Medium, GC Co., Pin Wax, Shofu Inc., Kyoto, Japan) so that the height of For Group RC, the patterns were replaced with a glass fiber post (Clearfil fiber post #4, Kuraray Medical Inc.) and a resin composite core material (Clearfil ® DC Core Automix, Kuraray Medical Inc.). The posts were cut 3 mm above the gingival margin. For Group MC, the patterns were invested with an investment material (Cristobalite PF, Shofu Inc.) and cast in platinum gold alloy (PGA ® -3, ISHIFUKU Metal Industry Co., Ltd., Tokyo, Japan). The cast posts and cores were heattreated according to the manufacturer's instructions.
The surface treatments before luting are shown in Table 1 . The surfaces of the post spaces of both groups and the posts of Group RC were etched with 40% phosphoric acid (K-etchant GEL, Kuraray Medical Inc.) for 5 s, rinsed with water and air-dried, and then, a ceramic primer (Clearfil Ceramic Primer, Kuraray Medical Inc.) was applied according to the manufacturer's instructions. On the other hand, the surfaces of the posts of Group MC were sandblasted with 70 μm grainsized aluminum oxide particles at 0.2 MPa for 10 s at a distance of 10 mm and ultrasonically cleaned in distilled water for 5 min twice, after which a metal primer (Alloy Primer, Kuraray Medical Inc.) was applied. Then, the posts and cores of both groups were cemented to the roots with a dual-polymerizing composite luting agent (Panavia F 2.0, Kuraray Medical Inc.) according to the manufacturer's instructions. Excess cement was removed from the bonding margin using foam pallets. The specimens were light-cured from the buccal, mesial, lingual and distal sides for 20 s each.
Fabrication of frameworks
Impressions of the abutment teeth were taken with hydrophilic vinyl polysiloxane impression materials (Exafine regular type and regular hard type, GC Co.) and stone dies were fabricated with an improved dental stone (New Fujirock, GC Co.). The distance between the abutments was 18.0 mm, a length corresponding to the average lengths of the second premolars and first molars 24) . Using the dies, the 4-unit posterior fixed partial denture frameworks were fabricated for both groups (n=10) with a CAD/CAM system (Cercon-smartceramics, Degu Dent, Hanau, Germany) using partially sintered zirconia (Cercon base, Degu Dent) made of 3 mol% Y-TZP.
The thickness of the zirconia framework was 0.5 mm, and the connector cross sections were elliptically shaped, their areas being (from mesial to distal) 9.0, 9.0 and 11.0 mm 2 , respectively (Fig. 2) . The surface treatments before luting are shown in Table 1 . Each of the inner surfaces of the frameworks was sandblasted with 70 μm grain-sized aluminum oxide particles at 0.2 MPa for 10 s at a distance of 10 mm and ultrasonically cleaned in distilled water for 5 min twice. Phosphate ester monomers, such as 10-methacryloyloxydecyl dihydrogen phosphate (MDP), improve the bond to zirconia 25) . In Group RC, an MDP-containing ceramic primer (Clearfil Ceramic Primer, Kuraray Medical Inc.) was applied to the surfaces of the abutments and the inner surfaces of the frameworks. In Group MC, an MDP-containing ceramic primer was applied to the inner surfaces of the frameworks and a metal primer (Alloy Primer, Kuraray Medical Inc.) was applied to the surfaces of the abutments. The frameworks were then cemented onto the abutments with an MDP-containing dual-polymerizing composite luting agent (Panavia F 2.0, Kuraray Medical Inc.).
Strain gauges
The surfaces of the frameworks and roots were sandblasted and ultrasonically cleaned with the same technique that was used for the posts. Two kinds of rosette strain gauges (KFG-1-120-D17-11 N30C2 and KFRS-02-120-D35-13 N30C2, Kyowa Electronic Instruments Co., Ltd., Tokyo, Japan) were attached to the specimens with strain gauge cement (cc33A, Kyowa Electronic Instruments Co., Ltd.) under finger pressure for 60 s on a polyethylene film. The gauges were placed at mesiobuccal (FMB) and mesiolingual (FML) framework surfaces of the molar, distobuccal (FPB) and distolingual (FPL) framework surfaces of the premolar, mesiobuccal (RMB) and mesiolingual (RML) root surfaces of the molar abutment tooth, and distobuccal (FPB) and distolingual (FPL) root surfaces of the premolar abutment tooth.
All the specimens were embedded in an acrylic resin base (Palapress Vario, Heraeus Kulzer), and each root was located 3 mm below the preparation margin ( 2). To simulate the periodontal ligament (approximately 0.25 mm), each root was surrounded with a layer of vinyl polysiloxane impression material (Correct Plus Bite, Pentron Co., Wallingford, CT, USA). A load of up to 200 N was applied on the occlusal surfaces of the specimens by using a universal testing machine (Autograph AGS-H, Shimadzu Co., Ltd, Kyoto, Japan), through a small load cell (φ2.5 mm). As shown in Fig. 3 , the points of loading were at the centers of the premolar (CP), connecting area of two pontics (CD) and molar (CM). The loading direction was perpendicular to the occlusal surface of the framework. The outputs from the strain gauges were recorded with sensor interfaces (PCD-300B, PCD-330B-F and PCD-300A, Kyowa Electronic Instruments Co., Ltd.). Then, the magnitudes of the maximum and minimum principal strain (ε max, εmin) were calculated as follows:
ε a, εb and εc were the strains of each gauge component. The rosette strain gauge was composed of three linear gauges placed at 0-, 45-, and 90-degree positions. The amount of the strains of each linear gauge component was ε a, εb and εc, respectively. By measuring strains εa, εb and εc, maximum principal strain εmax and minimum principle strain εmin were established. Positive values indicate a tensile strain and negative values indicate a compressive strain.
Statistical analyses
Three-way analysis of variance (ANOVA; core, load, gauge), and two-way ANOVA (core, gauge) were used for statistical analysis of the strain (p=0.05). After ANOVA, multiple comparisons were performed with t-test with Bonferroni correction (p=0.05).
RESULTS
Strain analyses
Three-way ANOVA revealed that there were three factor interactions (core×load×gauge) for the magnitude of maximum and minimum principal strain of frameworks (p<0.05). There were no three factor interactions (core×load×gauge) for the magnitude of maximum and minimum principal strain of abutment teeth roots (p>0.05). Three-way ANOVA also revealed that significant main effects of three factors (core, load, gauge) for the magnitudes of maximum and minimum principal strain of frameworks and abutment teeth roots (p<0.05). The magnitudes of the principal strain loading at each point (CP, CD and CM) are shown in Fig. 4 . The magnitude of the maximum principal strain of the frameworks loading at CM was significantly lower than those obtained with loading at CP and CD (p<0.05). The magnitudes of the minimum principal strain of the framework, the maximum principal strain of the root and the minimum principal strain of the root were significantly different among the three loading points (p<0.05).
Two-way ANOVA revealed that there were significant interactions between the two factors (core×gauge) for the magnitudes of the maximum principal strain of the frameworks and abutment teeth roots loading at CP, the minimum principal strain of the frameworks loading at CD, and the maximum and minimum principal strain of the frameworks loading at CM (p<0.05). The magnitudes of the principal strain in the two groups (Group RC and MC) and in eight different gauge positions (FML, FMB, FPB, FPL, RML, RMB, RPB and RPL) are shown in Figs. 5-8. The magnitudes of the maximum and minimum principal strain in Group RC were significantly higher than those in Group MC on many surfaces of both frameworks and roots loading at three loading points (p<0.05) (Figs. 6-8 (A), (B) , (C) and (D)). The surfaces of premolar roots showed higher magnitudes of principal strain than those of molar roots in both abutment material groups loading at all the points (p<0.05) (Figs. 6-8 (C) and (D) ). On the other hand, the surfaces of frameworks in which abutment teeth were loaded showed higher magnitudes of principal strain than those of frameworks in which abutment teeth were not loaded (p<0.05) (Figs. 6, 8 (A) and (B) ). Additionally, during loading at CM, Group MC totally showed lower magnitudes of principal strain than the other results, therefore, there were few significant differences among the places where the gauges were attached (Fig. 8 (A)  and (B) ). During loading at CD, the surfaces of premolar frameworks showed higher magnitudes of principal strain than those of molar frameworks in both abutment material groups (p<0.05), which is the same as that found with the surfaces of the roots (Fig. 7 (A) and (B) ). 
DISCUSSION
Experimental methods
In this study, a simulated experimental model with strain gauge methods was selected. In the past, studies of stress concentrations in crowns and abutment roots restored by various materials simultaneously under loading have used FEA 26, 27) and strain gauge method 20) . However, these studies simulated FPDs and abutment root restoration by various materials has not yet been reported. The FEA method can analyze the magnitude and distribution of internal stress with systematic models. However, in this approach, the modeling methods and the given values of material properties affect the results. On the other hand, the photoelastic method can assess stress concentration easily. However, it is difficult to exactly replicate the material properties of each portion. This study employed the simulated experimental model using the strain gauge because this method could detect the surface strain of real materials directly and accurately. Libman et al. 28) reported that strain gauges could detect the existence of a crack and micromovements of the crown margins that could not be seen by the unaided eye. In this study, the magnitudes of the principal strain of abutment roots and Y-TZP FPD frameworks were analyzed using strain gauge methods to verify the effects of the mechanical properties of post and core materials and to clarify the behaviors of the roots and the frameworks after treatment.
Experimental conditions
In our previous studies, we used extracted human or bovine teeth for abutment roots 19, [29] [30] [31] . However, it is possible that the results could have been influenced by the morphological traits and the conditions of the extracted teeth. For this reason, in this study, the abutment roots were made of resin composite in order to ensure uniformity in the traits and the conditions of the roots. In addition, the Young's modulus of resin composite is similar to that of dentin 30, 32) . Moreover, to simulate the clinical situation more accurately, the abutment roots were placed with a certain amount of inclination 23) and with specific distances 23) between them, the values of which were calculated from anatomical measurements.
In clinical situations, direct resin composite core restorations are preferred in comparison with indirect techniques because of their good bonding performance 33) and the recommendation of minimal intervention 34) . However, polymerization shrinkage should be considered when choosing resin composites as post and core materials. Douglas et al. 35) reported that an indirect technique of resin composite restorations offered considerable improvements in microleakage performance. In this study, resin composite core restorations fabricated using an indirect technique were selected in order to integrate the shape of the posts and cores and equalize the adhesion between the two experimental groups. 
Framework design
The type of connector design and the span of FPDs have an effect on the degree of deformation and the fracture strength of the framework while loading [36] [37] [38] [39] [40] . Theoretically, in order to improve the load-bearing capacity of the FPD framework, the cross-sectional size of the connector should be made as large as possible. However, in practicality, this size is in fact limited by morphological and esthetic considerations. In this study, the cross-sectional connector areas were (from mesial to distal) 9.0, 9.0 and 11.0 mm 2 , respectively. These cross-sectional area values were within reasonable limit 36) larger than 7.3 mm 2 . The area of the connecter between two pontics should be larger to increase the load bearing capacity. However, this area was restricted because the occlusal surface would protrude if the more ideal height was given. It is desirable to increase the height of the connector to reduce the stress within the connectors 40) , therefore, the cross sections were elliptically shaped in this study.
Clinical situation
The success and survival rates of FPDs have been evaluated by several studies [11] [12] [13] [14] [15] in the past. Chipping of the veneering porcelain is the biggest factor that decreases the success rate of zirconia FPDs. In this study, porcelain was not veneered, so that the strain of the framework could be measured directly. The results in this study suggest that a lower value of Y-TZP strain could moderate framework deformation. The rigid substructure of zirconia has an advantage in preventing flexure of the veneering porcelain and thereby radial fracture of the porcelain 10) , and the results in this study could therefore favorably affect the rate of chipping of veneering porcelain. However, the causes of problems that arise with zirconia veneering porcelain still remain to be clarified. In contrast, the main reason for irreversible failure of both zirconia and porcelainfused-metal FPDs is caries. The focus of an excessive surface strain on the margin of the restorations and roots during function causes failure of luting agents 41) , which leads to microleakage and finally secondary caries. The specimens in this study were subjected to uniaxial single loading tests using strain gauges. Strain gauges can accurately detect the existence of cracks and micromovements of the margin by measuring the surface strain directly. However, this type of test can neither evaluate internal stress distributions, nor recreate the intraoral environment. In reality, teeth are repeatedly loaded during mastication and subjected to a wet environment, which exerts chemical and physical influences on the materials in vivo. Therefore, further studies are needed to evaluate the materials by using cyclic loading tests until breakage of the luting agent occurs, thermal cycling tests, as well as FEA.
Strain analysis
This study investigated the mutual effects of the type of core materials and the FPD frameworks on the surface strain. Our results support the hypothesis that 4-unit zirconia FPD which abutment was restored by cast post and core restrain the surface strain compared to which abutment was restored by resin composite with glass fiber posts. The elastic moduli of resin composite (12 GPa) 29) and glass fiber post (28 GPa) 30) are not close to that of Y-TZP; on the other hand, the modulus of gold alloy (95 GPa) 42) is much closer. Assif et al. 43) and Suzuki et al. 20) reported that forces were concentrated between a rigid and a less rigid material, especially lateral forces. In this study, the magnitudes of the maximum and minimum principal strain in Group RC were significantly higher than those in Group MC on many surfaces of both frameworks and roots loading at three loading points (p<0.05) (Figs. 6-8 (A), (B), (C) and (D)). The results in this study are coincident with these reports 20, 43) . The framework and the roots might act as a rigid body, owing to the small difference between the elastic moduli of the restoring materials. The results indicate that the roots and frameworks whose abutments were restored with cast metal alloy can restrain the surface strain, as compared with the abutments restored with resin composite and glass fiber posts.
When the occlusal surface of the framework was loaded, the surfaces of premolar roots showed higher magnitudes of principal strain than those of the molar roots in this study (Figs. 6-8 (C) and (D) ). The roots of molar is plural, on the other hand, the root of premolar is single. Deformations of the mandible during loading as well as the differences in the bulks of the roots could have influenced the result. It was noticed that when static loading was applied, not only the abutment roots whose occlusal surfaces were loaded but also the other abutment roots whose occlusal surfaces were not loaded were strained in this study. Yamashita et al. 17) reported that when one retainer was loaded, both the other retainer and the loaded retainer were strained, particularly with in vivo measurements. However, in vitro analysis revealed that the strain was localized under just the loaded cusp in that study. The strain obtained in our in vitro study could have occurred because of the existence of a simulated periodontal ligament and mandible. Fischman et al. 44) and Korioth et al. 45) reported that mandibular deformation during function should also be considered in the design of FPDs. The elastic modulus of the acrylic resin used in this study was close to cancellous bone 32) . However, whether the acrylic resin showed the same deformational behavior as the mandible would is unclear, so further studies in comparison to in vivo results are warranted. Having noted this, the results of this study suggest that the mandible deformations around the abutment roots are consistent with former reports 17) and this study's results are closer to in vivo measurements 17) . Meanwhile, the surfaces of frameworks in which the abutment teeth were loaded showed a higher magnitude of principle strain than those of frameworks in which abutment teeth were not loaded (Figs. 6, 8  (A) and (B) ). The high elastic modulus of Y-TZP (210 GPa) 46) decreased the framework deformation and moderated the loaded stress propagating to the unloaded side through the frameworks. The surface strain of frameworks during loading at CD (Fig. 7 (A) and (B)) showed similar results to the surfaces of the roots (Figs. 6-8 (C) and (D) ). The results were also influenced by the restrained deformation of the framework and the difference of the bulks of the frameworks from the loading point. The distance from CD to the premolar is shorter than which to the molar. Additionally, the abutment tooth of premolar is smaller than that of molar. Therefore, the bulk of the framework from CD to premolar is smaller than that of the framework to molar.
For further investigation, an experimental model simulating porcelain-fused-metal FPDs (in which the Young's modulus of the framework is closer to those of core materials) should be developed and compared with these results. The results also suggest that restoring the abutments with cast metal alloy may prevent secondary caries in case that the FPD framework is zirconia. A potential weakness of this study is that the frequency of the possibility of severe root fracture is not explored sufficiently in this model. In clinical situations, greater emphasis should be placed on the failure of luting agents, which can lead to microleakage and secondary caries, especially when abutments are restored with resin composite and glass fiber posts.
